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Abstract
Fast pyrolysis bio-oil (FPBO) is a liquid biofuel obtained from lignocellulosic residues. Moreover, biomass fly ashes (FAs) 
containing many minerals and micronutrients are obtained in the production process. Biomass ashes can be used as a lime 
substitute for amelioration of acid soils by increasing pH, providing nutrients for crop development and stimulating microbial 
activity. However, ash application might increase N-mineralization and induce nitrate losses via leaching. The main objec-
tive of this study was to investigate the applicability of FPBO-recovered FAs as soil amendment and their effects on soil 
microbial processes, plant development, and to evaluate the effects on soil leaching. In a greenhouse experiment, an acidic 
soil was amended with 2% of FAs and sown with a regional wheat variety. After 100 days, wheat was harvested and red 
clover was sown to simulate crop rotation. After 250 days, the soils were analysed microbiologically and physico-chemically. 
While no differences in plant yields were observed, FAs addition increased several soil chemical pools as well as certain 
microbiological parameters. Soil pH increased from 4.8 to 7.2, electrical conductivity from 89 to 407 µS  cm−1, and the soil 
available P pool from 13.6 to 81.3 µg g−1 soil. Further, the nitrification rate, nitrate content in the soil leachates increased 
upon ash addition, in particular during the clover stage of the experiment. Summarized, despite not measurable effects on the 
plant growth, fly ash appears to enhance chemical and biological properties of soil cropped with wheat and clover without 
hinting towards negative environmental side-effects.
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Statement of Novelty
Developing techniques to boost renewable energy is of 
utmost importance. Among them, Fast Pyrolysis Bio- Oil 
(FPBO) is a new technology for biofuel production from lig-
nocellulosic waste streams. The potential use of the resulting 
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FPBO biomass ashes as lime replacement and their inherent 
risks have never been studied. A responsible management 
of residual streams is necessary to assure sustainability of 
FPBO technology that could pave the way for replacing fos-
sil fuels.
Introduction
The increasing need to replace fossil fuels with renewable 
energy sources and the global concern about  CO2 emis-
sion has generated a growing interest for using biomass 
for energy production [1]. There are several ways in which 
biomass such as wood, straw and energy crops can be trans-
formed for energy production including combustion, gasifi-
cation or a more recent technique known as fast pyrolysis. In 
this process organic material is rapidly heated under anaero-
bic conditions to 400–600 °C, a temperature sufficient to 
breakdown the biomass structure devoid of melting of the 
inorganic elements [2]. The vapours produced during this 
process are cooled and condensed into a brown liquid called 
Fast Pyrolysis Bio-Oil (FPBO) that can be used for heating, 
power generation, and as substitute in conventional diesel 
engines [3–5]. Besides FPBO, other streams like charcoal 
and low calorific gases are produced during the process and 
further combusted to generate energy resulting in the pro-
duction of biomass fly ashes (FAs).
Biomass ashes are rich in macronutrients like Ca, Mg, 
K, and P, and also contain micronutrients such as Fe, Mn, 
Zn, and Cu. However, they are usually deficient in C and N, 
which are lost during the combustion of the biomass and 
emitted in the form of gaseous oxides [6]. The hydroxides 
and carbonates contained in the ashes exert an acid-neu-
tralising effect that induce a rise in soil pH [7, 8], which 
may affect the solubility and availability of different soil 
elements [9, 10]. Indeed, wood ash can act as a soil amend-
ment and lime substitute in agricultural [11–14] and forest 
soils [15–17], especially when these are acidic.
Although FA is considered a waste according to the actual 
European regulations (Directive 2008/98/EC on waste and 
Commission Decision 2000/532/EC on the list of waste 
[18]), it has been shown that when properly blended in 
soil it can represent a boon to agriculture and forestry both 
improving soil properties and providing a solution for safe 
disposal [11, 19, 20]. Biomass FAs may contain some heavy 
metals that serve as microelements and are essential for plant 
development; however, prior studies have shown that most 
of heavy metals provided by the ash input are bounded to 
insoluble forms of soil organic matter [7, 21, 22], and thus 
not available for plants. Concomitantly, the pH rise induced 
by ash addition to soil generates a decrease in the solubil-
ity of these metals [23, 24]. Moreover, it is known that the 
application of biomass ashes to soil might enhance soil 
organic matter mineralization and nitrification [25, 26], and 
thus influence nutrient loss to soil eluates [7, 14, 27].
Biomass ashes also represent a viable alternative to min-
eral P fertilisers that often pose eutrophication risks [28–30] 
and risks associated with other elements like Cu or U [31, 
32]. Since N content in ashes can be neglected, an interest-
ing option is to combine ashes with compost or nitrogenous 
fertilisers. In line with this, Kuba et al. [33] found that wood 
ash-amended compost increased plant cover, soil microbial 
biomass and respiration to a larger extent than mineral and 
organic fertilisers. Similar trends have been observed when 
combining biomass ashes with manure or slurries from 
anaerobic digestion [12, 14]. Nevertheless, it is still neces-
sary to evaluate the benefits and potential drawbacks of FAs 
on soil properties and microorganisms to fill the gap con-
cerning their effects on soil and plant growth. To date, there 
is still scarce information about the properties of biomass 
FAs when compared to those ashes obtained from coal [11, 
34, 35] and no information on FPBO-FAs.
The main objective of the present study was to determine, 
at a mesocosm level, the effects of FAs derived from a fast 
pyrolysis process on several soil physico-chemical param-
eters including pH, electrical conductivity (EC) and nutrient 
content (C, N and P) over time in the presence and absence 
of Trifolium pratense (L.). We also determined soil organic 
matter (SOM) and particulate organic matter (POM) to 
assess if FAs promoted the degradation and turnover of OM 
in soil. The impact of this type of ashes was also assessed 
on microbial activity and microbial biomass, both indicators 
of soil fertility [36–38], as well as on the metabolic quotient 
 (qCO2), which has been used as a proxy of microbial effi-
ciency and environmental stress [14, 39, 40]. In addition, 
real-time PCR was used to estimate the abundance of key 
microorganisms involved in N and P cycles including ammo-
nia oxidizing archaea (AOA), ammonia oxidizing bacteria 
(AOB), and bacteria containing phoD genes encoding for 
alkaline phosphatases (ALPs) [41]. We hypothesize that the 
application of ashes will promote: (i) higher plant yields 
due to an improved nutrient status of the soil (ii) changes 
in SOM composition and stability over time (iii) favour the 
abundance of AOB rather than AOA due to an increased 
pH, and (iv) higher abundance of ALP bacteria owing to an 
increase in the different soil P-fractions over time following 
ash addition.
Material and Methods
Soil Sampling and Experimental Set‑Up
To test the fertilizing effect of the FAs, a greenhouse trial 
was carried out from May 2016 to February 2017. Soil 
was sampled in May 2016 in the village of Trins (Tirol, 
Waste and Biomass Valorization 
1 3
Austria). The soil of the grassland sampling site was clas-
sified as eutric Cambisol [42], a lime-free sandy loam 
(sand 59.6%, clay 7.5%, silt 34.8%) that did not receive 
any type of amendment seven years prior to sampling. It 
is N-limited soil characterised by a pH value of 6.2, and 
total C and N contents of 7.2% and 0.71%, respectively. 
Schönegger et al. [29] described the soil physico-chemical 
properties in detail.
The biomass ashes used for this study were derived 
from the production of FPBO by BTG company (Biomass 
Technology Group & BlueBear, Enschede, The Nether-
lands) using untreated pine wood chips as feedstock [29]. 
A detailed description of the physico-chemical and heavy 
metal content of the FPBO ashes used in the present study 
was given in Schönegger et al. [29], and can be also found in 
the Deliverable “Ash Composition” from the Residue2Heat 
project [43]. Briefly, the ash had a pH value of 12.5, and 
total C and N contents were 4.4% and 0.13%, respectively. 
Prior to the experiment, soil was sieved (Ø < 4 mm) and 
homogenously mixed with ashes at a rate of 2% (w/w; fresh 
weight (fw) basis) according to the highest dose allowed in 
the Austrian Ash Use Guideline [44]. Unamended soil was 
used as a control. Polymethyl methacrylate  (Perspex®) col-
umns, darkened an the sides to limit light supply to the top of 
the column, were filled with 2000 g soil each (fresh weight, 
fw). After an equilibration period of 24 h at 4 °C [45, 46], 
columns were placed in a greenhouse and the experiment 
was set up. All the columns with and without ashes were 
set up in triplicate in a randomised block fashion, and were 
sampled in the beginning (T0) and after 250 days. The 0-day 
samples (T0) refers to the starting point of the experiment 
(after the equilibration period). The greenhouse temperature 
ranged from 10 to 35 °C with an average temperature of 
20 °C with a light/dark cycle of 16/8. Soil columns were 
watered twice per week with 50 mL distilled water. Triticum 
aestivum subsp. spelta, a Tyrolean wheat variety, was sown 
in half of the columns that received FAs and half of the 
columns without ash addition (10 seeds per column, leav-
ing three plants to develop) to evaluate the FAs effects on 
plant growth. In the columns sampled after 250 days (T250), 
wheat was harvested after 100 days, the soil was allowed 
to rest for 13 days and 15 seeds of red clover (Trifolium 
pratense L.) were sown in each column to simulate crop 
rotation. After 23 days the five strongest seedlings were 
left to develop during another growth period of 115 days. 
These columns were then destructively sampled and referred 
as “250-day” treatment (T250). Red clover was chosen 
because of its wide distribution as forage crop and its role 
as nitrogen-fixer in the crop rotation system. Soil samples 
were sieved (Ø < 2 mm) and each sample was divided in two 
subsamples, one was kept at 4 °C for physico-chemical and 
microbiological analyses, and another one at − 20 °C for 
molecular analyses.
Physico‑Chemical Analyses
Soil samples (10 g, fw) were oven-dried at 105 °C for 24 h, 
and reweighed to evaluate dry matter (DM) content. Total 
carbon (TC) and total nitrogen (TN) were assessed in oven-
dried samples using a CN analyser (TrueSpec CHN; LECO, 
St. Joseph, MI, USA). Soil water holding capacity (WHC) 
was quantified according to Öhlinger [47]. The pH and 
electrical conductivity (EC) were determined as described 
by Fernández-Delgado Juárez et al. [14]. To estimate dis-
solved organic carbon (DOC) 10 g of soil were shaken in 
40 mL distilled water and the extracts were measured using 
a TOC-L analyser (Shimadzu, Kyoto, Japan). Inorganic N 
 (NH4+ and  NO3−), was determined in KCL extracts follow-
ing the method of Kandeler [48, 49]. Total  (Ptot), inorganic 
 (Pinorg), and plant available phosphorus  (Pav) were deter-
mined according to the method described by Illmer [50]. The 
combination of sieving and sedimentation steps according to 
Kettler et al. [51] was used to determine the soil texture in 
conjunction with particulate organic matter (POM) and soil 
organic matter (SOM).
Microbiological Analyses
Microbial P was determined by using the fumigation extrac-
tion method as described by Schönegger et al. [29]. Potential 
nitrification and nitrogen mineralization were assessed fol-
lowing the methods described by Kandeler [52, 53]. Soil 
basal respiration (BR) was measured as  CO2 evolution from 
moist soil samples [54], and microbial biomass  (Cmic) was 
measured by substrate-induced respiration (SIR) [55]. The 
metabolic quotient  (qCO2) was calculated as described by 
Insam and Haselwandter [56].
Plant Yield
Twenty-three days after seeding, the five strongest seedlings 
of red clover Trifolium pratense (L.) were selected from each 
column, and left to develop and harvested after 115 days. 
The aboveground and the root biomass were weighed and 
oven-dried at 60 °C for 48 h to determine the total dry 
weight.
DNA Extraction and Real‑Time PCR
Whole community DNA from soil samples was extracted 
and quantified as described by Schönegger et al. [29]. To 
quantify the bacterial phoD gene, and the abundance of 
ammonia-oxidizing bacteria and archaea (AOB and AOA, 
respectively), quantitative real-time PCR (qPCR) was con-
ducted. For the quantification of the phoD gene the method 
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by Schönegger et al. [29] was followed. For the quantifica-
tion of AOA and AOB the primers and cycling conditions 
described in Bardelli et al. [57] were applied.
Leaching
Leachates were collected in 150-mL polyethylene-flasks, 
placed at the bottom of each column, every second week 
during the first 100-day period, and every third week during 
the second period until the end of the experiment (250 days) 
by watering the columns with 100 mL of distilled water. A 
2-week break in the column watering, and consequently in 
the leaching collection was done between wheat sampling 
and red clover seedling to simulate the soil resting period 
between crops in a rotation system. EC and pH values, 
together with the nitrate content  (NO3−) were measured in 
soil leachates as described in “Physico-Chemical Analyses” 
section.
Statistical Analyses
The impact of ashes on the different soil properties was eval-
uated over time and in the presence and absence of plants by 
factorial analysis of variance (ANOVA) with Statistica v12. 
Prior to analysis data were transformed to meet the normal-
ity assumption whenever it was necessary, after have being 
subjected to a Shapiro–Wilk test. Non-normal data were 
subjected to non-parametric tests for several independent 
samples (Kruskal–Wallis test). Microbiological parameters 
and gene abundance were additionally analysed by one-way 
ANOVA. Significant differences were analysed by paired 
comparisons with the Tukey’s HSD test. Non-normal data 
were subjected to non-parametric tests for several independ-
ent samples (Kruskal–Wallis test) and pairwise comparisons 
were performed using the Mann–Whitney test. To assess the 
effect of the ash addition on leaching, data were analysed by 
repeated measures analysis of variance (ANOVAR). When 
variables did not meet the sphericity condition (Mauchly’s 
test), the assumption violation was corrected with the Geis-
ser–Greenhouse (G–G) procedure [58].
Results
Effects of FAs on Soil Physico‑Chemical Properties
Tables 1 and 2 show an overview of the physico-chemical 
and microbiological properties, and the statistical output, 
respectively. The pH levels in the ash-amended soils were 
close to neutrality, being approximately two units higher 
than the control at the beginning of the experiment and after 
250 days regardless of the plant presence (Tables 1, 2). The 
Table 1  Physico-chemical and microbiological properties of the control and the ash-treated soils at the two incubation times (T0 and T250) in 
the presence and the absence of plants
Values are expressed on a dry mass basis for n = 3 (standard error in brackets)
EC Electrical conductivity, WHC water holding capacity, C/N total carbon to total nitrogen ratio, DOC dissolved organic carbon, POM particu-
late organic matter, SOM soil organic matter, NH4+ ammonium content, NO3− nitrate content, Ptot total phosphorous content, Pinorg plant avail-
able phosphorous content, Pav plant available phosphorous content
Time T0 T250
Treatment Control Ash Control Ash
Plant No plant Plant No plant
pH  (CaCl2) 5.2 (0.01) 7.4 (0.04) 4.8 (0.14) 4.7 (0.10) 7.1 (018) 7.2 (0.01)
EC (μS  cm−1) 12.9 (0.4) 305 (2.7) 79.3 (1.6) 97.9 (6.3) 358 (20.1) 455 (13.5)
WHC (%) 44.1 (0.5) 46.1 (0.1) 32.8 (4.2) 36.7 (1.3) 39.0 (1.1) 47.5 (4.7)
DOC (µg C  g−1) 111 (11.4) 180 (20.4) 55.4 (6.7) 51.4 (3.2) 102 (6.2) 113 (5.0)
POM (µg  g−1) 1.90 (0.13) 2.38 (0.08) 1.90 (0.10) 1.99 (0.08) 2.45 (0.12) 2.69 (0.14)
SOM (µg  g−1) 102 (0.8) 112 (0.7) 107 (5.5) 105 (0.7) 98.8 (0.8) 95.2 (2.1)
C/N 17.2 (2.7) 14.0 (2.2) 13.9 (0.3) 15.1 (1.2) 16.1 (1.5) 17.0 (0.3)
NH4+ (μg N  g−1) 1.2 (0.1) 8.7 (0.4) 17.9 (3.8) 22.6 (0.8) 15.1 (0.3) 15.9 (0.6)
NO3− (μg N  g−1) 10.7 (1.1) 49.0 (11.0) 134 (16.3) 140 (2.9) 204 (14.1) 371 (31.9)
N mineralization (μg N  g−1) 15.0 (0.4) 16.7 (0.2) 11.2 (0.6) 9.2 (1.1) 8.6 (1.0) 8.4 (0.6)
Potential nitrification (μg N  g−1) 4.8 (0.2) 58.7 (6.8) 83.7 (1.5) 22.6 (7.5) 1515 (110) 1585 (159)
Ptot (μg  g−1) 676 (71) 1034 (13) 707 (18) 756 (45) 1093 (60) 1145 (37)
Pinorg (μg  g−1) 262 (36) 619 (5.5) 242 (3.2) 242 (1.9) 539 (18) 547 (14)
Pav (μg  g−1) 4.9 (0.1) 55.1 (2.2) 12.5 (1.1) 14.7 (0.8) 80.1 (2.7) 82.5 (2.3)
Microbial P (μg  g−1) 25.3 (2.1) 32.1 (3.9) 78.2 (13.5) 44.1 (1.3) 22.4 (10.0) 19.5 (1.8)
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same trend following ash addition was observed for EC 
(Table 1). The ash-treated soils had higher DOC values (two-
times) than those in the control soil after 250 days of incuba-
tion irrespective of the plant presence (Table 1). Moreover, 
this increase was also observed at T0, when the ash addition 
induced 60% higher DOC values than those in the controls 
soils (Table 1). At T0, SOM was approximately 10% higher 
in the ash-amended soils than in the control ones, while at 
T250, 10% less SOM was observed in soils amended with 
FAs than in the control soils (Tables 1, 2). The ash pres-
ence also induced a significant increase in POM relative to 
the control, at T0 and T250, whereas neither the time nor 
the plant presence had a significant effect on this parameter 
(Table 1). Ashes did not affect the C/N-ratio irrespective 
of the sampling time and plant presence (Table 2). At the 
beginning of the trial, the  NH4+ content was significantly 
higher (seven-times) in the ash-amended soils than in the 
control ones. However, after 250 days of incubation the ash 
addition resulted in a lower  NH4+ content compared to the 
control in the presence and the absence of plants (Table 1). 
Higher  NH4+ levels were detected at the end of the trial 
in the control and the ash-amended soils when compared 
to T0 (Table 1.). The ash addition led to a higher content 
of  NO3− relative to the control at both sampling times. An 
increase in this parameter was observed over time in the 
control and the ash-treated soils (Tables 1, 2). The presence 
of plants induced a decrease in  NO3− values, and such effect 
was more discernible at T250 in the ash-treated soils, with 
values ranging from 200 to 370 µg  NO3−  g−1 dw (Tables 1, 
2). Inorganic and total P contents were about two-times 
higher in the ash-treated soils than in the control treatment 
regardless of plant presence and time (Tables 1, 2). A sig-
nificant increase in  Pav was also detected with ash addition, 
with values rising from 5 to 55 µg g−1 at the beginning of 
Table 2  Statistical output of the soil physico-chemical and microbiological parameters as a function of ash treatment, plant presence and time of 
sampling
na not available due to Kruskal–Wallis test
ns no significant
*p < 0.05; **p < 0.01; ***p < 0.001
Treatment Plant Time Treatment × time Plant × time Plant × 
treatment
F p F p F p F p F p F p
WHC 8.57 ** 1.91 ns 10.1 ** 2.97 ns 1.91 ns 0.61 ns
DOC 81.7 *** 0.01 ns 90.0 *** 0.09 ns 0.01 ns 0.06 ns
POM 53.9 *** 1.14 ns 2.15 ns 0.69 ns 0.34 ns 0.17 ns
SOM 0.14 ns 0.89 ns 13.8 ** 39.6 *** 0.89 ns 0.05 ns
C/N 0.01 ns 0.15 ns 0.12 ns 2.61 ns 0.15 ns 0.01 ns
NH4+ 1.97 ns 1.96 ns 164 *** 39.4 *** 1.96 ns 1.01 ns
NO3− 107 *** 9.62 ** 468 *** 2.83 ns 9.62 ** 7.71 *
Ptot 172 *** 0.09 ns 16.5 *** 0.57 ns 0.09 ns 0.00 ns
Microbial P 11.2 ** 0.26 ns 0.70 ns 28.6 *** 0.26 ns 0.24 ns
Cmic 8.04 ** 0.18 ns 10.6 ** 2.25 ns 2.27 ns 1.24 ns
pho-D gene 0.23 ns 0.29 ns 19.2 *** 4.52 * 0.51 ns 0.52 ns
Treatment Plant Time Treatment × time Plant × time Plant × 
treatment
Z p Z p Z p Z p Z p Z p
pH − 4.13 *** 0.028 ns 2.05 * na na na na na na
EC − 4.13 *** − 0.49 ns − 2.05 * na na na na na na
Pinorg − 4.13 *** 0.028 ns − 2.05 * na na na na na na
Pav − 4.13 *** − 0.202 ns − 2.05 * na na na na na na
N mineralization − 0.259 ns 0.317 ns 4.13 *** na na na na na na
Potential nitrification − 3.09 ** 0.663 ns − 3.09 ** na na na na na na
BR − 3.15 ** − 1.24 ns − 0.866 ns na na na na na na
qCO2 − 4.02 *** − 1.07 ns − 1.13 ns na na na na na na
amoA-AOA gene 2.49 * − 0.317 ns − 4.13 *** na na na na na na
amoA-AOB gene 0.028 ns 0.866 ns − 4.13 *** na na na na na na
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the trial. Likewise, its content was about fivefold higher 
in the ash-treated soils after 250 days in the presence and 
absence of plants (Table 1). Available P increased over time 
and reached values of 80 µg g−1 at the end of the experiment 
in the ash-treated soils. Such an increase over time was also 
observed in the control soils reached values of 12–14 µg g−1 
(Tables 1, 2).
Effects of FAs on Soil Microbiological Properties 
and Plant Yields
Microbial activity measured as basal respiration (BR) was 
significantly higher in the ash-amended soils than in the 
control ones at the beginning of the trial and after 250 days 
(Fig. 1a; Table 2). However, neither time nor crop presence 
had a significant effect on BR (Fig. 1a). Higher levels of 
microbial biomass  (Cmic) were observed following ash addi-
tion at the beginning of the trial, and such increase was less 
pronounced after 250 days of incubation (Fig. 1b). At the 
beginning and at the end of the trial,  Cmic decreased in the 
control and the ash-amended soils regardless of the plant 
presence (Fig. 1b; Table 2). Ash addition enhanced the meta-
bolic quotient (Mann–Whitney, p ≤ 0.05) irrespective of time 
and presence of plants (Fig. 1c, Table 2).
After 250 days of incubation microbial P was lower in 
the presence of ashes (22–19 μg g−1) than in the control 
treatment (70–45 μg g−1), both in absence and presence of 
plants (Tables 1, 2). Neither the ash treatment nor the plant 
presence had a significant impact on nitrogen mineralization 
(Tables 1, 2); however, a reduction in this parameter was 
observed over time in both the control and the ash-treated 
soils (Tables 1, 2). Ash addition increased the soil potential 
nitrification (Table 2) that was 11- and 18-times higher at 
T0 and T250, respectively when compared to the control 
(Table 1). The potential nitrification also increased over 
time; Further, the presence of the crop did not show any 
influence on this parameter (Tables 1, 2).
The application of FAs did not have a significant impact 
on bacterial phoD gene abundance. An increase in the gene 
copy number of bacterial phoD gene was recorded in both 
the ash-amended and the control soils over time (Table 3). 
Nonetheless, amending soil with ashes led to a decrease in 
AOA gene copy number relative to the control at the end of 
the trial and regardless of the plant presence (Mann–Whit-
ney, p < 0.001; Table 3). There were no significant changes 
in the AOB gene copy number following ash amendment 
(Table 3). The highest copy number was observed at T250 
for the ash-amended soils in the presence of plants (Table 3). 
Regarding the AOA/AOB ratio, the ash-amended soils had a 
much lower ratio than the control ones at the end of the trial 
in the presence and absence of plants (Table 3).
Amending soil with ashes had no effect on the above-
ground and root biomass compared to the control (data not 
shown).
Effect of FAs on Soil Leachate Properties
Ash addition increased the pH of soil leachates (ANOVAR 
p < 0.001) by about 0.5–1.0 U, and this effect was time-
dependent (ANOVAR treatment × time; p < 0.001). Less 
pronounced pH differences were observed at the beginning 
and at the end of the trial (Fig. 2a). Moreover, from July 
Fig. 1  a Basal respiration, b microbial biomass, and c metabolic quo-
tient in the control (white) and the ash-treated (grey) soils in the pres-
ence (P) and the absence (NP) of plants at the beginning (T0) and 
at the end (T250) of the experiment. Bars indicate standard errors 
(n = 3). Different lower-case letters indicate significant differences 
between treatments (p ≤ 0.05) according to the Tukey’s HSD test. 
Different capital letters indicate significant differences between treat-
ments (p ≤ 0.05) according to the Mann–Whitney test
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onwards a higher pH value was recorded in the leachates 
from ash-treated soils in the presence of plants (Fig. 2a). 
Ash treatment also affected EC of soil leachates through-
out the monitoring period and EC also increased over time 
(ANOVAR Time p < 0.001). The highest EC was found in 
the leachates from the ash-amended soils in the absence of 
plants (ANOVAR ash treatment × plant presence, p < 0.001; 
Fig. 2b). During the last 4 months of incubation, the dif-
ferences in the ash-amended soils in the presence and the 
absence of plants became smaller until they ceased (ANO-
VAR time x plant x ash, p < 0.001; Fig. 2b). A similar trend 
as for EC was observed for  NO3, registering a higher con-
tent in the leachates from the ash-treated soils when plants 
were absent (ANOVAR plant × time p < 0.001). The initial 
effects of the plant presence in the ash-amended soils dimin-
ished over time (ANOVAR Time × plant × ash, p < 0.001; 
Fig. 2c).
Discussion
This study reveals that FAs resulting from the production 
of FPBO have a potential use as a soil amendment since, 
in general, no harmful effects were observed from a chemi-
cal and microbiological viewpoint. Biomass ashes serve as 
a source of major elements and are thus able to alleviate 
nutrient deficiencies and neutralize soil acidification due to 
the formation of hydroxides and carbonates. Accordingly, 
in this study we observed an increase in soil pH towards 
neutrality following the addition of FPBO fly ashes. Soil 
pH is considered a determinant factor driving the composi-
tion, diversity and activity of microbial communities, since 
the pH affects nutrient availability and the synthesis and 
activity of soil enzymes [59]. These latter authors stated that 
crops responded better to organic amendments when soil pH 
ranges from weak-acidic to weak-alkaline levels, as those 
obtained in the current study. As expected, the application 
of FAs led to an increase in soil conductivity owing to the 
release of soluble salts, even though the EC values in the 
ash-amended soils did not exceed the threshold value of 4 
mS  cm−1 for plant health [60].
In the early phase of our study, SOM was higher in the 
ash-treated soils followed by a decrease after 250 days in 
the presence of ashes. However, POM was higher in case 
of ash amended soils at the beginning and the end of the 
trial. This trend suggests that the liming effect and the input 
of nutrients derived from ash application promoted SOM 
turnover and its conversion in more labile C forms, while the 
POM, that might be sourced in the FAs remained stable over 
time. In agreement with previous studies [61, 62], higher 
DOC values were recorded in the ash-amended soils which 
suggests that the rate of SOM that is mineralized over time 
contributes to the supply of more available forms of OM, 
which can potentially be absorbed to soil minerals, precipi-
tate or be immobilized by the formation of POM [63]. Such 
an increase in DOC has been attributed to a fertilization 
effect favouring plant nutrient availability, and ultimately 
the biological activity and the turnover time for the different 
carbon compounds in the soil [61, 62].
Previous findings have shown that biomass ash addition 
induces soil mineralization processes [26, 64], and ulti-
mately results in an increase of organic and inorganic N 
forms [17, 65]. However, as also occurred in our study, N 
mineralization may not always be affected by ash addition 
[66, 67] which we attribute to the C/N-ratio of the soil, and 
consequently to the N-limitation in the experimental site. In 
soils with a high C/N-ratio and low N availability, N miner-
alization does not seem to be affected by ash addition [68].
Ammonia-oxidizing bacteria and archaea are responsible 
for the first and limiting step of nitrification by converting 
ammonia to nitrite. Some authors have suggested a niche 
Table 3  Abundance of pho-D harbouring bacteria, ammonia-oxidising archaea (AOA) and bacteria (AOB) in the control and the ash-treated 
soils at the two incubation times (T0 and T250) in the presence and the absence of plants
Values are expressed as copies  g−1 soil on a dry mass basis for n = 3 (standard error in brackets). Different lower-case letters indicate significant 
differences between treatments (p < 0.05) according to Tukey’s HSD test. Different capital letters indicate significant differences between treat-
ments (p < 0.05) according to the Mann–Whitney test
Time T0 T250
Treatment Control Ash Control Ash
Plant No plant Plant No plant
pho-D gene 5.18 × 107 
(2.06 × 107) a
3.53 × 107 
(4.7 × 106) a
7.11 × 107 
(6.22 × 106) ab
7.67 × 107 
(3.58 × 106) ab
1.19 × 108 
(2.03 × 107) b
7.00 × 107 
(7.50 × 106) ab
amoA-AOA gene 6.68 × 105 
(1.42 × 105) AB
2.71 × 105 
(3.27 × 104) A
4.01 × 107 
(9.75 × 106) AB
5.07 × 107 
(7.51 × 106) B
2.58 × 106 
(3.53 × 105) AB
3.64 × 106 
(1.29 × 106) AB
amoA-AOB gene 2.87 × 106 
(1.11 × 106) AB
1.30 × 106 
(4.98 × 105) A
1.55 × 107 
(7.38 × 105) AB
2.70 × 107 
(1.29 × 107) AB
1.40 × 108 
(2.58 × 107) B
5.11 × 107 
(1.36 × 107) AB
AOA/AOB 0.264 (0.099) a 0.229 (0.048) a 3.107 (0.971) b 2.061 (0.348) b 0.019 (0.004) c 0.080 (0.031) ac
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Fig.2  Values of pH (a), electri-
cal conductivity (EC) (b), and 
nitrate concentration (c) of the 
leachates obtained from the 
control and the ash-treated soils 
over a period of 250 days in the 
presence and the absence of 
plants (P and NP respectively). 
Average values are given 
(n = 3); bars indicate standard 
errors
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separation between both groups [69, 70] being AOB rather 
than AOA favoured by nutrient-rich environments charac-
terised by a pH value close to neutrality [71–73]. Although 
AOA abundance was lower after 250 days of incubation fol-
lowing ash amendment, AOB abundance did not change, 
albeit, the ash-amended soils were characterised by an 
improved nutrient status (i.e., higher DOC and  Ptot content) 
and a higher pH. Despite the lack of differences in AOB 
abundance the presence of ash remarkably stimulated the 
potential nitrification rate which is in line with the higher 
 NO3− levels found in the ash-treated soils in comparison 
with the control ones at the end of the trial (Table 1). None-
theless, such positive effects on nitrification after FA addi-
tion were not accompanied by an increase in plant yields. 
This might indicate that the mineralized N following ash 
amendment was not taken up by the plants, but rather lost via 
leaching. More specifically, the nutrients applied with the 
ash and/or released as a result of accelerated mineralization 
might have been taken up by the wheat crop at the beginning 
of the trial [29] when a significant increase in wheat biomass 
in the ash-treated soils was observed, but not later on by the 
red clover since as mentioned above no clear effects on plant 
root and aboveground biomass were observed. It is known 
that ash addition to soils may boost inorganic N losses via 
leaching due to an enhancement of mineralization [7, 15], 
similar to priming effects. This could explain the increased 
 NO3− concentration in the leachates from the ash-amended 
soils compared to those from the control ones in the pres-
ence and the absence of plants.
Contrary to our hypothesis, we did not observe an 
increase in the abundance of phoD harbouring bacteria fol-
lowing ash addition, despite the increase in the different soil 
P-fractions over time. Therefore, the rise in P availability in 
the ash-treated soils did not immediately affect the functional 
genes encoding for alkaline phosphatase. An explanation 
could be that an application rate of 2% was not high enough 
to boosting the abundance of phoD harbouring bacterial 
populations. Moreover, the higher content of available P in 
the ash-amended soils could have inhibited the transcription 
by the Pho regulon, indeed suppressing ALP activity by bac-
teria. An increase in P-acquiring enzyme activities would be 
expected in case of P deficiency [74]. Once microorganisms 
mineralize the organic P, the P dissolved in the soil solution 
is available for plant uptake. The plant available P in our 
trial increased with the ash treatment, while the microbial P 
decreased. This suggests that this disequilibrium is probably 
due to the turnover of P immobilized in microbial biomass 
to inorganic forms.
Microbial biomass and activity have been suggested as 
indicators of the stability of the soil amendment, as they 
provide rapid information on soil quality owing to their sen-
sitivity to change [38, 41]. In the present study, amending 
soil with FPBO FAs led to an increase in microbial biomass 
(measured as  Cmic) and activity (assessed as basal respira-
tion) relative to the control after 250 days of incubation. 
These positive effects may be explained by the increased 
nutrient availability. Additionally, the FAs used in our study 
were characterised by a low content in heavy metals as 
shown by Schönegger et al. [29]. Nonetheless, Sharma and 
Kalra [75] observed that the application of FAs resulted in 
a reduction in soil respiration, microbial biomass and enzy-
matic activities; and such effects were proportional to the 
amount of ash. Other authors did not detect any changes 
in soil microbial biomass C [76] and in microbial biomass 
measured as the total amount of phospholipid fatty acids 
[19] following FA addition. Despite the overall stimulation 
of microbial activity, the increased metabolic quotient in the 
ash-amended soils suggest that microbial communities may 
have been under a higher stress than those in the control soil 
specially towards the end of the study. This may have been 
caused by the lack of N in the FAs albeit the ash provided 
other nutrients and micronutrients, that allowed a boost of 
microbial activity [77, 78].
Conclusions
This study evaluated the ecological impact of FAs result-
ing from Fast Pyrolysis Bio-Oil production as soil amend-
ment. Our findings show the promising use of this “waste-
resource” as soil amendment and as a recycling alternative 
to landfill disposal. The increased pH and EC, together with 
the input of nutrients from this type of ashes enhanced SOM 
turnover and increased the labile organic fraction. There was 
also a boost in the activity of the soil microbiota following 
ash amendment, even though the lack of C and N over time 
limited microbial growth. As hypothesized, the addition of 
FPBO-FAs to soil favoured the abundance of AOB rather 
than AOA; however, effects on the abundance of ALP bac-
teria following ash application were insignificant. Despite 
the positive effects on soil properties, and in contrast to 
our hypothesis, we did not observe higher plant yields for 
red clover after ash addition. Moreover, the potential nutri-
ent losses via leaching might be a concern for large-scale 
application. Thus, it would be of future interest to conduct 
additional in situ trials to determine the maximum rate at 
which FPBO ashes can be safety applied and the relationship 
between land management, soil characteristics and microbial 
community function. Within this context, estimating the bio-
availability of potential pollutants present in the ashes, e.g. 
heavy metals, is crucial for coming to a decision about their 
further suitability as soil amendment. Furthermore, their 
long-term effects on a crop rotation system, and if legumi-
nous plants could alleviate N-deficiency, should be assessed. 
All in all, the results indicate that biomass FAs derived from 
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FPBO production may be considered as an environmentally 
friendly lime substitute for improvement of acid soil.
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